1
/Ca 21 (NCX) and Ca
21
/H 1 (CAX) antiporters, and in mammals the NCX and related proteins constitute families SLC8 and SLC24, and are responsible for the re-establishment of Ca 21 resting potential in muscle cells, neuronal signalling and Ca 21 reabsorption in the kidney 1, 6 . The CAX family members maintain cytosolic Ca 21 homeostasis in plants and fungi during steep rises in intracellular Ca 21 due to environmental changes, or following signal transduction caused by events such as hyperosmotic shock, hormone response and response to mating pheromones [7] [8] [9] [10] [11] [12] [13] . The cytosol-facing conformations within the CaCA superfamily are unknown, and the transport mechanism remains speculative. Here we determine a crystal structure of the Saccharomyces cerevisiae vacuolar Ca 21 
/H
1 exchanger (Vcx1) at 2.3 Å resolution in a cytosolfacing, substrate-bound conformation. Vcx1 is the first structure, to our knowledge, within the CAX family, and it describes the key cytosol-facing conformation of the CaCA superfamily, providing the structural basis for a novel alternating access mechanism by which the CaCA superfamily performs high-throughput Ca 21 transport across membranes.
The CaCA superfamily is defined by the presence of two short, repeating homologous sequences, termed the a-repeats, found in predicted transmembrane regions. The a-repeats are opposite in topology and are believed to have arisen from a gene duplication event [14] [15] [16] . Mutagenesis and recent structural data have identified this region as essential for ion binding and transport, and specifically two key acidic residues (Glu or Asp) are implicated in coordinating Ca 21 ions at the active site [17] [18] [19] [20] . Members of the CAX family are approximately 400 residues long with 11 predicted transmembrane helices. The first helix (MR), found in eukaryotic CAX members, has a regulatory role in plant members and is suggested to be involved in protein targeting and/or signalling in yeast 12, 21, 22 . The 10 remaining transmembrane helices (M1-M10) perform the transport function, and are composed of two symmetrically related halves (M1-M5 and M6-M10) connected through a negatively charged loop termed the 'acidic motif ' 12, 16, 23 . . To establish function of the purified protein, Vcx1 was reconstituted into liposomes and assayed for Ca 21 uptake activity. In this system, purified Vcx1 demonstrates Ca 21 uptake monotonically dependent on pH gradient ( Supplementary Fig. 1 ). Vcx1 shares ,30% sequence identity with other members of the Ca 21 /H 1 exchanger family, including the canonical CAX proteins of Arabidopsis thaliana ( Supplementary Fig. 2 ).
Vcx1 was solved experimentally to 2.3 Å resolution (R free of 22.5%) by molecular replacement, supported by iodine-based experimental phases (Fig. 1, Supplementary Table 1 and Supplementary Fig. 3 ). The structure encompasses residues 22-401 with the exception of a short loop (184-191) between M4 and M5. Two identical (root mean squared deviation (r.m.s.d.) 0.21 Å over 285 Ca atoms) monomers are found in the asymmetric unit. Six divalent cations are identified as Ca 21 or Mn 21 in the Vcx1 monomer, on the basis of their coordination geometry and anomalous scattering differences ( Supplementary Fig. 4 ).
The shape of the VCX monomer, viewed perpendicular to the membrane plane, resembles that of a wedge (Fig. 1) . Viewed from the vacuolar side of the membrane, the tapered end of the wedge consists of two long antiparallel helices M1 and M6, which are intertwined and tilted ,30u with respect to the membrane normal. The central fourhelix core contains the a-repeats, and is comprised of M2-M3 and M7-M8. M2 and M7 are kinked at their midpoints and change direction ,35u in the middle of the membrane plane to create M2a/M2b and M7a/M7b. These two oppositely related helix kinks meet in the mid-membrane plane, forming an hourglass shape, where the CAX family display the conserved GNXXE(H) signature sequence necessary for calcium binding and transport 19, 20, 26, 27 . M3 and M8 are also tilted with respect to the membrane normal and line the interior of the hourglass. M4-M5 and M9-M10 form the outer components of a right-handed bundle which flank the central core and constitute the thicker side of the wedge shape. The 20-residue 'acidic motif ' connecting the two duplicated halves of the protein between M5 and M6 is predicted to be disordered based on sequence. However, a clearly resolved a-helix (which we term the acidic helix) for this sequence is observed in the structure. This helix is oriented parallel to the membrane and lies directly underneath the a-repeat regions on the cytosolic side.
A centrally located Ca 21 ion occupies the active site of Vcx1, coordinated by Glu 302 on M7b and Ser 325 on M8 (Fig. 2) . The Ser 325 residue is generally conserved throughout the CaCA superfamily, and in NCX and NCKX family members the analogous serine residue has been shown to have an important role in Ca 21 transport (Supplementary Fig. 5 ) 18, 19 . Three ordered water molecules complete the octahedral coordination geometry of Ca 21 ( Supplementary Fig. 4b ). The presence of water molecules at the binding site suggest that the Ca 21 ion reaches the active site in a partially hydrated state, balancing the stronger binding of entropically ordered side chains with more loosely bound water to complete the coordination sphere. Glu 106, Asn 299 and the backbone carbonyl of Gly 102 coordinate the three water molecules. The remainder of the Ca 21 active site is stabilized by specific interactions from polar residues in the transmembrane regions of M2, M3, M7 and M8. The conserved Asn 299 and His 303 of M7b form a hydrogen bond to Ser 129 and Ser 132, respectively, of the adjacent M3 helix, and the conserved Asn 103 on M2b forms a hydrogen bond to Gln 328 on M8. M2a is bent away from the bundle of helices M2b, M3, M7 and M8, and in this configuration it is not packed tightly against the protein body (Fig. 3 ). M2a and the connected C-terminal half of M1 are bent away from the active site, exposing the central Ca 21 ion to the cytosol. The M2a/M1 arrangement creates a substantial vestibule that is accessible from the intracellular bulk solvent. This vestibule is conical in shape and has a negatively charged interior surface potential (Fig. 3c) . The interior of the cavity vestibule is circumscribed by M2a, the C-terminal half of M1, M7b and the N-terminal half of M8, and allows access from the cytosol to the central Ca 21 binding site. Thus, the Vcx1 protein structure represents a substrate-bound, cytosol-facing conformation.
Lying across the cytosolic entrance to the vestibule, the acidic helix also coordinates two Ca 21 ions ( Supplementary Fig. 4c ). These two ions lie on the cytosolic side, 11 Å from the central Ca 21 site, coordinated by Asp 234 and Glu 230 of the acidic helix and by Glu 83 of M1 ( 
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Comparison of the two structural repeats (M1-M5 and M6-M10) of Vcx1 reveals a structurally similar core region that is closely packed and rigid (M3-M5, M8-M10) ( Supplementary Fig. 7b ). In contrast, considerable differences are found in the M2a helix and C-terminal half of M1 when compared to M7a and M6. Superposition between helices M1-M2a and M6-M7a reveal a ,12u and ,7u asymmetric difference in the angle of M1 and M2a, respectively ( Supplementary  Fig. 7c, d ). This structural divergence, in combination with loose packing and intracellular location, implicate this mobile region as the cytosolic gate. A dynamic straightening of the M1/M2a helices would collapse the cytosolic vestibule, and this motion could be coordinated by a structural rearrangement into a vacuole-facing conformation.
The Vcx1 conformation also sheds light on the transport cycle of CaCA proteins by comparison with the recent structure of an archaebacterial Na 1 /Ca 21 exchanger from Methanococcus janaschii (mjNCX) 17 . Despite low sequence identity (14%) to Vcx1, the overall fold and topology of mjNCX is similar. However, unlike Vcx1, the mjNCX exchanger is closed to the cytosolic environment and instead represents a periplasm-facing conformation, as reflected in the overall displacement between similar atoms (r.m.s.d. 5.7 Å over 269 Ca atoms). Structural alignment of the Vcx1 and mjNCX structures reveals a similar placement of the core region and of helices M7 and M2b (Supplementary Fig. 8 ). However, the M2a helix is shifted by ,16 Å towards the centre of the bilayer in Vcx1 (Fig. 4a) . In addition, relative to the mjNCX structure, the position of both loosely packed helices M1 and M6 are translated diagonally towards the vacuole by ,16 Å and ,13 Å at either end, closing a vacuole-facing portal that could otherwise expose the active site of the protein to the vacuolar environment ( Fig. 4b and Supplementary Figs 8 and 9 ). The concerted transposition in the M1/M6 helices therefore performs a dual role of coordinating motions between the a-repeats and covering/uncovering an active site entry passage (Fig. 4c) . By this mechanism, translational movements of the M1/M6 helices allow alternating access to the active site of Vcx1 from both sides of the membrane. The action of the M1/ M6 helices is therefore analogous to the piston of a two-stroke engine that occludes and exposes intake and efflux pathways during each turnover. Using a predicted cytosol-facing mjNCX conformation, a similar motion of the M1 and M6 helices was suggested for turnover by the mjNCX monomer 17 . Our data augment the proposed mechanism by including structural evidence for the M1/M6 translations and substantial conformational changes in the M2a helix. With the addition of a cytoplasmic-facing Vcx1 structure, there are now two key states in the CaCA family that suggest a trajectory for Ca 21 translocation, forming a strong case for the two-stroke mechanism of alternating access.
The proposed transport cycle of Vcx1 is shown in Fig. 4c (Supplementary Video 1). In the active site, Glu 106 and Glu 302 are exposed to the vacuolar side (pH ,5-6 (ref. 30)). The proton motive gradient across the vacuolar membrane provides the source of energy to drive a conformational change to the cytosol-facing conformation whereupon the glutamate residues would be expected to maintain a negative charge (at pH ,7 (ref. 
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Ca 21 is coordinated by the acidic helix, and Ca 21 is able to reach the active site. The Vcx1 side chains of Glu 302 and Ser 325 partially replace the Ca 21 hydration shell, and subsequent completion of coordination by Glu 106 displaces some of the remaining water molecules to bring helix M2b inward towards the active site. This movement of M2 towards the core can initiate M2a straightening and M1/M6 translation, closing the cytosolic vestibule. The translation of helices M1/M6 uncovers a vacuolar cleft and coordinates opening of M7a to expose the active site Ca 21 ion to the vacuole. The vacuole-facing conformation, in combination with the acidic pH in the vacuole, lowers the Ca 21 affinity of active site residues Glu 106 and Glu 302, leading to release of the Ca 21 substrate into the vacuole. The cyclical pumping action of the M1/M6 'piston', coupled to flexible helices surrounding the active site (M2a, M7a), provides an efficient framework for the rapid turnover necessary for high-throughput Ca 21 exchange. In conclusion, Vcx1 is the first CAX family structure, and the first structure of the CaCA superfamily in a cytosol-facing conformation. It provides a structural basis for an alternating access mechanism for the Vcx1 protein and the CaCA superfamily in general. These findings lay the groundwork for future exploration of Ca 21 transport by CaCA superfamily members and lend insight into fundamental aspects of Ca 21 homeostasis and eukaryotic signal transduction processes.
METHODS SUMMARY
The Vcx1 protein from Saccharomyces cerevisiae (Uniprot ID Q99385) was expressed in S. cerevisiae and purified using a decahistidine affinity-tag. Solubilization and purification were performed using dodecyl-b-D-maltoside. Crystals were grown in-meso by combining lipidic cubic phase technique and Jeffamine M-600 sponge phase conditions with vapour phase diffusion. X-ray diffraction was collected at the Advanced Light Source beamline 8. Table 1 ).
Full Methods and any associated references are available in the online version of the paper. Supplementary Information is available in the online version of the paper.
